Despite the fact that many electrolyzer projects have been installed, there is little operational data available to quantify their response and flexibility. Electrolyzers electrochemically separate water into hydrogen and oxygen using electricity as the feedstock. This work explores the operational flexibility of electrolyzers by performing experimental tests on a proton exchange membrane (PEM) and an alkaline electrolyzer. Many applications value flexibility, particularly with the addition of increased intermittent renewables and new regulations for both stationary and transportation emissions. Test results are compared to the operational requirements for participation in end-user facility energy management, transmission and distribution system support, and wholesale electricity market services.
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Executive Summary
Despite the fact that many electrolyzer projects have been installed, there is little operational data available to quantify their response and flexibility. Electrolyzers electrochemically separate water into hydrogen and oxygen using electricity as the feedstock. This work explores the operational flexibility of electrolyzers by performing experimental tests on a proton exchange membrane (PEM) and an alkaline electrolyzer. Many applications value flexibility, particularly with the addition of increased intermittent renewables and new regulations for both stationary and transportation emissions. Test results are compared to the operational requirements for participation in end-user facility energy management, transmission and distribution system support, and wholesale electricity market services.
The hydrogen produced from electrolyzers can be used for many different applications and can be integrated into different system architectures. The applications include hydrogen for vehicle fueling, industrial processes, power generation, and injection into the natural gas pipeline. Hydrogen can also be methanized and used for similar applications. Hydrogen production and storage can be combined with power generation equipment including fuel cells, reciprocating engines, combustion turbines, and steam turbines, resulting in a storage device with the ability to time shift delivery of electricity for electric grid applications. In this way, hydrogen can be used to support increased intermittent renewable generation.
For the applications considered the following factors are important: (1) the time it takes to respond to a change in power set-point, (2) the time it takes to settle after a power set-point change, (3) the rate at which the device can change power consumption, (4) the lower operation limit or the minimum turndown level, and (5) the time it takes to start up and shut down. The findings are as follows:
• Small electrolyzer systems (~40 kW units) begin changing their electricity demand within milliseconds of a set-point change.
• The settling time after a set-point change is on the order of seconds.
• Electrolyzers can reduce their electrical consumption for an unlimited amount of time.
• Electrolyzers exhibit low part-load operation capabilities.
• Electrolyzers can start up and shut down in several minutes.
In addition, a frequency disturbance correction test was performed to test the ability of an electrolyzer to accelerate the speed at which the grid frequency can be restored. For this test, an isolated grid consisting of a diesel generator, load bank, and electrolyzer was perturbed by changing the load bank's set-point. The time that it takes to restore the frequency was examined for both the case with and without the support of the electrolyzer. In all cases, adjusting the electricity demand for the electrolyzer corresponding to the load bank's change, the system was able to restore the frequency faster with the support of the electrolyzer than without.
When comparing the performance metrics for electrolyzers with the requirements for supporting end-user energy management, transmission and distribution system support, and wholesale electricity markets, the following conclusions are made:
• Electrolyzers acting as demand response devices can respond sufficiently fast and for a long enough duration to participate in energy management on the utility scale and at end user facilities. Furthermore, electrolyzers can be operated to support a variety of applications while also providing hydrogen for industrial processes, transportation fuel, or heating fuel.
• Favorable operating properties and a variety of potential system architectures showcase the flexibility of electrolyzer systems. Electrolyzers can operate as a standalone device, participating in one or more of the applications presented while also providing a hydrogen product for sale or for integration into a storage system using a fuel cell, reciprocating engine, combustion turbine, steam turbine, or other power generation device. Electrolytic hydrogen can also be methanized, resulting in a renewable methane product.
Based on the findings, the authors recommend that electrolysis devices be considered in the planning and selection process for supporting end-user energy management, transmission and distribution system support, and wholesale electricity markets. Their operational flexibility and the variety of potential systems configurations in which they can be included make them an ideal candidate from a technical point of view. Future work should quantify the economic potential that electrolyzers can provide, the impact on electrolyzer lifetime resulting from dynamic operation, and system flexibility for megawatt-scale installations. 
Introduction
U.S. legislation such as the Clean Air Act and the Energy Policy Act demonstrates the evergrowing interest to increase energy independence. These, and many other pieces of state and federal legislation, focus on reducing energy consumption, greenhouse gas (GHG) emissions, and criteria pollutant emissions. California's Assembly Bill 32, for example, mandates the reduction of GHG to 1990 levels by 2020. Achieving these goals will require changes to many of the contributing sectors, including the electric and transportation sectors. From the electric sector, renewable generation presents an opportunity to reduce emissions while also improving energy independence and security. Renewable portfolio standards are being used as a mechanism to increase the amount of renewable generation; however, increasing intermittent renewables presents challenges for operation and reliability of the grid.
Hydrogen has many uses within the transportation and industrial sectors, such as ammonia production, petroleum refining, and food hydrogenation. For the transportation sector, similar benefits with respect to emissions and energy independence and security can be realized by increasing the efficiency of vehicles and converting to a non-carbon fuel like hydrogen or a carbon neutral biofuel. Various initiatives including California's Alternative Renewable Fuel and Vehicle Technology Program (ARFVTP) pursue alternative and renewable fuel technologies for vehicles in an effort to reduce emissions and improve air quality. In addition, California Assembly Bill 1505 describes the importance of hydrogen fuel for enabling energy independence and reducing GHG emissions and establishes a requirement that 33% of the hydrogen produced or dispensed by fueling stations that receive state funds must be from eligible renewable resources.
For greater implementation of hydrogen production from electrolysis, it is important that electrolyzers be cost competitive in addition to providing societal benefits. This work explores the ability of electrolyzers to support the electric, transportation, and even industrial sectors in new and unique ways that have the potential to reduce the cost of hydrogen and increase the revenue to the system. Electrolyzers can support the electric sector by modulating their electricity consumption profile, effectively acting as responsive industrial loads. This responsive behavior can provide value to the owner and the system while simultaneously providing hydrogen for use in vehicles, industrial processes, or injection into the natural gas pipeline.
Background
Electrolyzers leverage well-developed technology that uses electricity to separate water into hydrogen and oxygen [1, 2] . The major types of electrolyzers being produced and developed include proton exchange membrane (PEM), alkaline with liquid electrolyte, alkaline with solid electrolyte, and solid oxide electrolyzer (SOEC). Alkaline and PEM cells are currently being manufactured in small sizes (several kilowatts) up to large, utility-scale systems (multimegawatt) [3] . While less mature than liquid alkaline and PEM devices, SOEC and solid electrolyte alkaline promise higher performance [4] .
Hydrogen is currently used for a wide variety of applications. These applications include hydrocracking of petroleum, hydrodesulfurization to remove sulfur, hydrogenation of oils, production of ammonia for fertilizers, superconductivity, cryogenics, and power generation in a stationary or mobile fuel cell or combustion device. Additionally, hydrogen can be injected into the natural gas system as a form of energy storage. Two techniques currently being pursued are (1) direct injection of hydrogen into the natural gas pipeline or (2) methanization of hydrogen and injection of synthetic and potentially renewable natural gas.
There is also potential to use electrolyzers in tandem with fuel cells, which generate electricity electrochemically by reacting a fuel (typically hydrogen) and an oxidant (typically oxygen) to create a hydrogen energy storage device. A similar analysis to the one presented here can be performed for the fuel cell and is the topic of future work.
Electrolyzers, in addition to making hydrogen, can contribute to a variety of electrical sector applications including end-user energy management, transmission and distribution (T&D) system support, integration of renewables, and wholesale electric market services. These applications are examined in more detail below.
There are very few items in the literature on the operational flexibility of electrolyzer systems. Applications for electrolyzers have the potential to provide value to a number of associated parties including facility owners, T&D system operators, or load-serving entities. Additionally, increasing the renewables on the grid is likely to increase the challenges with managing the grid and the flexibility requirements. Thus, the value for responsive loads is likely to increase as more intermittent renewables come online. The research presented here seeks to quantify the ability of electrolyzers to operate in a variety of applications including end-use energy management, T&D support, and wholesale market services.
End-User Energy Management
The price that utility customers pay for electricity varies depending on the rate structure to which they subscribe. These structures typically include charges for T&D of electricity, basic use charges, and electricity generation charges, but the type and price for each item can vary substantially across the world. T&D charges account for the cost of local and regional lines, transformers, substations, and other equipment to support. The basic use charge includes the cost of billing and meter reading, maintenance, and replacement. Generation charges are often separated into an energy charge for the amount of energy consumed and a capacity or demand charge based on the highest average consumption for any interval during a day, month, or year (typically a15-minute period) [5, 6, 7 ].
An electrolyzer placed at an end-user facility, while increasing the amount of electricity consumed, can potentially reduce the average cost of electricity in several ways. For customers who are participating in time-of-use (TOU) or real-time pricing (RTP) rate structures, the price of electricity varies depending on the time of day, day of the week, and season. Use of electrolyzers will necessarily increase energy consumption but the time of consumption is adjustable. This allows electrolyzers to purchase electricity to produce hydrogen during times of low demand and reduce production during times of high demand. Customers who experience large demand spikes from equipment startup or intermittent operation resulting in demand charges can rapidly modulate the electricity consumption of an electrolyzer to offset the increase in demand.
The end user must establish a need or a sink for produced hydrogen. On-site hydrogen can be used directly for vehicle refueling, power generation, or an industrial process, as well as sold to another customer with a hydrogen demand. Near-term end users include industrial complexes, university campuses, combined heat and power facilities, commercial buildings, and off-grid facilities. These facilities have sufficient demand and infrastructure to warrant rate structures that include demand charges. Considering potential end users, this work will establish the flexibility of electrolyzers to reduce their electrical consumption to compensate for the demand spikes and take advantage of TOU, RTP, and other rate structures.
Transmission and Distribution Support
The Federal Energy Regulatory Commission (FERC) recognizes that, to some extent, generation, transmission, and demand response are substitutes for each other. Demand response has the ability to reduce or defer the need for new T&D system expansions [8] and according to FERC Order 1000 and Order 890, public utility transmission providers must consider demand response and energy efficiency on a comparable basis for transmission planning, preventing undue discrimination [9] . While installing a demand response device will increase the demand, a device that is flexible has the ability to change its output and, depending on the location, this change can impact transmission or distribution bottlenecks. Additionally, there are opportunities to use the power electronics associated with converting the alternating current (AC) from the grid and converting it to direct current (DC) for use by the electrolyzer. In the process, rectifiers and other power electronics have the potential to provide several benefits, including power quality (voltage swell and sag, harmonics, and momentary outages) and power factor correction; however, the tests that were performed for this work cannot assess the ability of electrolyzers to provide these distribution services and will be the topic of future work.
Wholesale Market Services
The grid must balance generation with demand nearly instantaneously and provide additional capacity to maintain system reliability. Energy and ancillary service markets have been established to procure the necessary resources. The ancillary service markets explored for this work include load following, regulation, spinning reserve, non-spinning reserve, and other reserves (i.e., replacement or supplemental). Load-following reconciles energy mismatches and is often separated into load-following up (increasing generation or reducing demand) and loadfollowing down (reducing generation or increasing demand). Regulation provides real-time adjustments to maintain the desired frequency and, like load-following is often separated into both up and down products. Spinning and non-spinning reserve are additional capacity that is available to come online in the event of a generator failure or other contingency. Other reserves have different names depending on the system operator administering the market. Historically, generators bid into the markets and provide the necessary resources; however, system operators are adapting to include the use of demand-side management tools. The set-point of equipment including air conditioners, lighting, fans, pumps, and electrolyzers can be modulated to provide support to the grid. Different demand response programs allow those resources to participate in different markets. For example, demand response devices have value on the regional planning level, and can participate in the direct load control program, which would allow these resources to provide reserves. It is possible for electrolyzers (depending on their flexibility) to participate in a number of different markets. For example, if an electrolyzer is operating at 80% capacity then in addition to the hydrogen produced, 80% (less the minimum operating point) of the capacity could be used for providing regulation up, load-following up, spinning or non-spinning reserve and 20% of the capacity could provide regulation down and load-following down.
The value of energy and ancillary service markets varies based on the specific resource considered and the current market conditions. Additionally, each service has a different required response time and duration. Estimates for the price range, response speed, duration, and cycle time are presented in a 2006 report by Kirby and a 2010 report by Denholm, et al. [10, 11] . The ability of electrolyzers to respond quickly and for a sufficiently long time will determine into which markets they can bid. For the markets considered in this work, regulation has the shortest response speed at around 1 minute, while reserves have the longest required duration at several hours. A few papers have been published that explore the flexibility of hydrogen storage systems using fuel cells and electrolyzers [12, 13] . These papers support the idea that a hydrogen fuel cell and electrolyzer can be used to mitigate frequency variations, and as a result, should be able to bid into the regulation market. However, the models presented did not include system dynamics but rather assumed that fuel cells operating on hydrogen and electrolyzers can respond sufficiently fast. In 2011, an experiment was performed by Hydrogenics Corporation that successfully demonstrated the ability of their electrolyzer to follow a power regulation signal, thereby providing frequency regulation [14] . Therefore, it is possible for an electrolyzer to provide frequency support, but it is unclear from Hydrogenics' work how fast an electrolyzer can respond. These questions are particularly important as the generation landscape continues to shift with increasing clean and renewable generation.
Increasing the amount of intermittent renewables on the grid will increase the occurrence of overgeneration and the need for operational flexibility. Additional flexibility will be needed to address faster ramp rates and longer duration ramps than were previously experienced [15, 16] . In order for electrolyzers to provide support for renewables they must be able to respond to the renewable signal and have sufficient response time that they can mitigate fluctuations. This concept has been tested previously at the National Wind Technology Center operated by the National Renewable Energy Laboratory (NREL) and at a site in North Dakota. In March 2009, NREL released a report detailing the Wind-to-Hydrogen Project. This project integrates renewable wind and solar generation with two electrolyzers to generate hydrogen for use in hydrogen vehicles. The findings show that electrolyzers can be responsive in support of renewables and explore novel configurations to increase system efficiency when connecting these resources [17] . Also, in a 2009 report titled "Wind-to-Hydrogen Energy Pilot Project," researchers from the Basin Electric Power Cooperative and the University of North Dakota explored the ability of electrolyzers to mitigate wind intermittency and transmission capacity limitations while providing hydrogen for two trucks and a tractor converted to operate on hydrogen. For this study, several electrolyzer ramp-rate tests were performed and it was found that the system responds to load changes in 3-7 seconds with an available ramp rate between 37.5 and 37.7 liters/hour/amp, which corresponds to nearly 4% of rated power per minute. The recommended minimum load point was 43% of rated power, as recommended by the manufacturer [18] . The work presented here will leverage the findings from the North Dakota study and directly use the data and results from the NREL study to better understand the ability of electrolyzers to support the integration of renewables.
Several studies have analyzed the concept of using electrolyzers both with and without fuel cells to smooth renewable generation, provide grid services, and benefit from the price difference in on-peak and off-peak electricity [19, 20, 21, 22, 23] . These studies establish that there are opportunities for electrolyzers to lower the cost of hydrogen production using electrolysis by making use of multiple markets and otherwise curtailed renewable energy under the assumption that they can respond fast enough. The next step for analyzing renewable integration concepts with electrolyzers is to include more detailed electrolyzer performance characteristics, which are outlined in this paper.
The use of dispatchable loads like an electrolyzer to increase the system flexibility represents a key opportunity to address the challenges with intermittent renewables. Many of the grid system operators and transmission organizations have adopted or are exploring the different techniques for integrating the use of dispatchable loads into their portfolio [9] . FERC has issued several orders that support the growing role of demand response, one of which is FERC Order 745. Additionally, FERC has established several orders in an effort to appropriately value resources that are flexible (i.e., can ramp fast and provide capacity for an extended period of time) including Order 755 and Order 784. The use of dispatchable technologies to provide support represents an opportunity for the grid to procure some capacity for operation and for the equipment owner to increase revenue and enhance economic competitiveness.
Approach
In order to establish the ability of an electrolyzer to support different applications, first the requirements for each application described qualitatively in the previous section must be established on a quantitative basis. Then, the flexibility of the electrolyzer is established from experimental data. Finally, the application requirements are compared to the electrolyzer flexibility and conclusions are drawn.
Typical electrolyzer operation entails constant operation at a given power set-point and minimization of the number of starts that the equipment experiences. There can be fluctuations in weekly and seasonal hydrogen demand so storage and supply-side flexibility are used to buffer the fluctuations. The applications explored here are different than constant operation and often require more variable operation. Each application has the potential to add additional value beyond the baseload production of hydrogen, and achieving this increase in value results in different operating requirements for electrolyzers. Like other demand response devices, providing a demand reduction often comes with some costs. For example, a commercial building that wishes to provide demand response with its lighting must weigh the value of the light for their tenants versus the value of the payment for providing the demand reduction service. Similarly for electrolyzers, providing demand reductions comes at the expense of making hydrogen. If the electrolyzer and hydrogen storage are sized appropriately it is possible for the system to provide hydrogen to meet the customer demand without perturbation while also supporting the grid. Every application has different requirements, including:
• Initial response time: The time it takes to begin changing load, following a set-point change.
• Ramp rate: The speed at which the amount of electricity consumption can change.
• Energy capacity: The amount of hydrogen that can be stored for use in meeting the hydrogen demand. Under baseload operation the energy capacity is less important because the hydrogen production is predictable; however, with new operating schemes the energy capacity must be considered in greater detail.
• Power capacity: The total rated power for the device. The size ranges from kilowatts to megawatts and is important for establishing the amount of response that is available during any given instant.
• Minimum turndown: The lowest operating point, after which the device must turn off. A higher minimum turndown reduces the amount of power capacity that can be used for each application.
• Startup time: The time that it takes to start the device. For the purpose of this paper, startup times are separated into two classes, cold start and warm start. As their names suggest, a cold start represents a start with the unit having been off for sufficient time to lose benefit from energy stored in the electrolyzer (e.g., thermal energy for lubricants and coolants). The warm start represents a start with the unit having been off or in standby for a short time such that it can benefit from energy stored in the electrolyzer.
• Shutdown time: The amount of time that it takes to drop load.
Many of these properties have a time-dependent component and can be heavily influenced by the balance-of-plant and controls strategies employed for the equipment. For example, the speed at which an electrolyzer can increase its load varies if the device is operating at 50% output or at 90% output.
Hydrogen demand is different depending on the use for the hydrogen, but the inclusion of hydrogen storage can greatly mitigate the challenges with hydrogen supply because it can be stored for use at a later time. Electrolysis plants-central or distributed-have some storage capability to balance the production with the consumption. While the energy capacity of the hydrogen storage may have to increase to accommodate some of the applications considered, tank sizes are scalable and there are a variety of storage techniques, including above ground gaseous or liquid storage and underground storage of gaseous hydrogen. In addition, some hydrogen supply systems already include storage requirements due to variability in demand, which may reduce the marginal increase in storage resulting from these applications. The following section examines the requirements for each application and how electrolyzers must perform to enhance operational flexibility or improve economic competitiveness.
End-User Energy Management
Electrolyzers can be used to support end-user energy management for facilities that have a need or a sink for hydrogen by (1) reducing the demand charge by rapidly turning down during demand spikes resulting from inrush current and/or startup procedures when switching on a piece of equipment or from other times of high demand and (2) allowing a facility to capitalize on TOU, RTP, and other rate structures to purchase electricity during times of low electricity costs without disturbing the required demand for hydrogen.
Increased power consumption during startup can increase the electricity demand resulting in a higher demand charge. While the startup time for the equipment and inrush current can be on the order of milliseconds, the utility typically calculates the average demand over an interval of 15 minutes. Thus, as long as an electrolyzer can adjust its electricity demand in enough time to affect a 15-minute average, it is possible for the facility to offset a demand spike with a demand reduction using an electrolyzer.
Calculation of demand charges and system diagnostics rely on sub-hourly intervals; however, revenue from energy charges are assessed using a lower resolution. Historically, electricity has been sold based on the total usage over a given time period, typically monthly. With the development of new rate structures and metering infrastructure there is now the ability to select different prices for each interval (hourly or even less). These prices can be based on a variety of factors including demand or ambient temperature. If electrolyzers can change their operation during a given interval then it is possible for electrolyzers to capitalize on differences in the price of electricity, assuming that the hydrogen demand is met.
Other end-use challenges include voltage swell and sag, voltage flicker, and unbalanced threephase load. These issues are most often addressed using other, typically lower cost, alternatives, but using an electrolyzer to mitigate these issues represents an opportunity to reduce the total cost of an electrolysis system by not having to purchase additional equipment to support power quality. However, determining whether electrolyzers can provide support for these services is not a question that can be answered by the tests performed for this work. Additional tests should be performed to determine the ability of an electrolyzer to mitigate power quality issues.
Transmission and Distribution (T&D) Support
T&D support, as mentioned before, has two components: one for electrical equipment reduction or deferral and one for system stability and power quality. The tests performed for this work were not designed to assess the potential to provide distribution services or power quality. As a result, the focus will be on T&D deferral. Demand response devices can reduce their load during times of high demand. If a particular transmission line is nearing capacity it is possible to call on demand response devices located on that circuit to reduce their load. It is possible that this reduction can allow the transmission planner to delay the installation of a new line or the upgrade of an existing line. Transmission planning typically occurs on the yearly timeframe and ensures that sufficient transmission line capacity is available to meet the peak load. To support T&D deferral devices must be able to respond on the order of minutes to hours for a duration of hours [11] .
Wholesale Market Services
In addition to an understanding of the considerations for renewable integration, types of markets, and previous work for electrolyzer grid integration, a quantitative measure is necessary to understand the requirements for a device to participate in wholesale electricity markets. The ability of electrolyzers to participate in the wholesale electricity market is contingent on the electrolyzer operating characteristics in comparison to the required response time, duration, and cycle time of each market. As noted in Kirby 2006 , regulation requires the fastest response time, on the minute timescale, and must be maintained for 15 minutes at a time [10] . Slightly slower than regulation are the load-following and fast-energy markets, which require roughly a 10-minute response time and must be maintained for 10 minutes to several hours. Operating reserves consist of spinning, non-spinning, and replacement or supplemental reserve. Spinning reserve must increase immediately and respond to full power within 10 minutes and must have the ability to be maintained for up to 2 hours. Non-spinning reserve must respond to full power within 10 minutes and be able to maintain that output for up to 2 hours, but it does not need to start immediately. Lastly, the replacement or supplemental reserve must respond in less than 30-60 minutes (depending on the region considered) and must be able to maintain generation for 2 hours.
Additionally there are restrictions on the minimum power capacity allowed for bidding into the market. The system operator for each region decides the limitations for that region. The minimum size can be as low as a unit that can sustain a 100 kW load reduction, as in the case of New York Independent System Operator's (NYISO) curtailment program [24] , and a unit with a capacity as large as 50 MW for E.ON (European investor-owned utility) and 30 MW for Energie Baden-Württemberg AG, Rheinisch-Westfälisches Elektrizitätswerk AG, and VET (European control area) for minute-reserve power in Germany as of 2006 [25] . There are also a variety of values between 100 kW and 50 MW, including NYISO, PJM (an eastern interconnection regional transmission operator), California Independent System Operator (at 1 MW) [26, 27] , Independent System Operator New England, and the primary and secondary control markets in Germany (at 10 MW) [25, 27] . The minimum bid values have decreased over the years to make way for smaller devices. In addition, for demand response and some energy storage devices, the capacity can represent an aggregation of different sources as long as the aggregated value is above the minimum bid level. As will be shown in this paper, responsive loads, particularly electrolyzers that can respond sufficiently fast and for the prescribed duration, have the potential to support multiple electricity markets, including reliability and energy markets.
Results
The goal of this work is to determine the operational flexibility of electrolyzers and their potential for supporting the grid, as well as end users. The results first present the testing that was performed and then compare the test results to the requirements for participating in each application, which was established in the previous section. Testing was performed as part of NREL's Wind-to-Hydrogen Project and presented first at the U.S. Department of Energy's 2012 Hydrogen and Fuel Cells Program Annual Merit Review [28] . The Wind-to-Hydrogen Project seeks to explore opportunities to convert renewable electricity into hydrogen for use in transportation, testing, and other end uses. The project integrates wind turbine and solar photovoltaic generation with load banks, electrolyzers, a hydrogen storage system, and a fuel cell, each of which can be connected to an AC or DC bus bar. This enables the seamless interchange of equipment on the system to explore various configurations. Additional information about the electrolyzers and tests performed can be found in NREL's technical report titled, "The Wind-to-Hydrogen Project: Operational Experience, Performance Testing, and Systems Integration" [17] .
Electrolyzers have been suggested as an option for flexible demand response devices and even energy storage devices when considering pipeline injection or with the use of a fuel cell to generate electricity; however, the literature lacks data to support the fact that electrolyzers are flexible devices capable of meeting the operational requirements for these configurations.
Results from this work should enable interested parties to better assess the ability of electrolyzers to support a variety of different applications.
Electrolyzer Testing
Tests were performed to assess the response time, ramp rate, variable operation, and startup and shutdown times. The tests were performed for a PEM electrolyzer manufactured by Proton OnSite and an alkaline electrolyzer manufactured by Teledyne Technologies [17] . 
Response Time and Ramp Rate
The DC load set-points of both PEM and alkaline electrolyzer stacks were rapidly changed to explore each electrolyzer's ability to ramp. Stack ramp-up and ramp-down tests were performed. The stack set-point was changed from full power to 75%, 50%, and 25% for the ramp-down tests ( Figure 1 and Figure 2 ) and from 25% to 50%, 75%, and 100% for the ramp-up tests ( Figure 3 and Figure 4 ). The set-point change occurs as shown by the "trigger" values. The oscilloscope trace was adjusted to show the trigger engaging at 0.02 seconds and the trace is allowed to extend for 0.198 seconds. Samples were taken every 2.0E-4 seconds ensuring that the sample rate was significantly faster than the response time of the system.
The system-level response time for both the PEM and alkaline electrolyzers ramping up or down occurs quickly and is nearly complete after 0.2 seconds. For the purpose of this analysis the initial response time is calculated by the time it takes for the electrolyzer to change 1% of its max current, following the set-point change. Each figure denotes the time at which the current has changed 1% of the max current by a vertical line and Figure 5 summarizes the findings. The average delay between the trigger and a 1% change in max current is 0.013 seconds for the PEM unit and 0.019 seconds for the alkaline unit. There are three factors analyzed from the ramp tests: (1) the initial response time, which is the time it takes after a set-point change to begin changing the output, (2) the total response time, is how quickly the set-point is achieved and the time it takes for the electrolyzer system to settle, and (3) examination of the ramp rate during the test to determine the maximum achievable ramp rate.
Initial Response Time
The electrochemistry within the electrolyzer stack can occur on the order of microseconds; however, this can be affected by the balance-of-plant components (e.g., power supplies) and the control strategy. Response times for both PEM and alkaline electrolyzers tested are summarized in Figure 5 . After receiving the trigger, the longest time to begin responding with ±1% max current was 24.3 milliseconds and the fastest was 11.0 milliseconds with an average of 16.5 milliseconds. 
Settling Time or Total Response Time
The pattern of the path taken for ramping events is largely dependent on the response of balanceof-plant components like the power supply, but it is clear from the data that the order of system total response time for stack load changes ranging from 25% to 75% is well below 1 second. Due to the data sampling limitations, only 0.2 seconds were recorded; however, several of the tests had already achieved their set-point by that time. Figure 6 shows the level of completion for each test at 0.2 seconds. Notice that the greater the set-point change, the less complete the tests are at 0.2 seconds, meaning, not surprisingly, that it takes more time to undergo a larger step change.
The PEM ramp-up tests experience overshoot and have not yet settled, which is why their values for ramp completion are greater than 100%. The PEM ramp-down tests are slower to reach the set-point and are at most 99.1% complete for the 25% ramp and at least 96.7% complete for the 75% ramp at 0.2 seconds. The alkaline tests generally have a slower response for the equipment tested and, like the PEM, are able to settle from the ramp-up faster than from the ramp-down. The average completion for the alkaline ramp-up is 96.8% and for the ramp-down is 92.9% with a minimum value of 91.2%. 
Ramp Rate
In addition to response time, the maximum ramp rate is calculated. Maximum ramp rate occurs at the single point of highest slope for Figure 1 , Figure 2 , Figure 3 , and Figure 4 . The resulting maximum ramp rate values are shown in Figure 7 . The units are percent of current per second, which means that a value of 200% signifies a unit that, at peak ramp rate, can reduce its current from 100% to 0% or increase its current from 0% to 100% in 0.5 seconds. Since this is a singlepoint measurement and does not include the control strategy or system spin-up/spin-down, it cannot be used to extrapolate a settling time and is only used for comparison in this study.
Not surprisingly, the greater the extent of ramp, the greater the maximum ramp rate. Because the ramp-up is more aggressive than ramp-down for the equipment tested, the maximum ramp rates for ramp-up are larger than those of ramp-down. 
Turndown
While no specific test for minimum turndown was performed, a variable operation test was performed. The stack current was varied for two stacks in the PEM electrolyzer by changing the input current using a signal that is based on a wind turbine generation profile. In the future the authors would like to perform a dedicated turndown test for PEM and alkaline electrolyzers; however, for this work only the PEM unit was tested. The output current values for stack 1 and stack 2 are shown in Figure 8 . During the test the maximum current measured was 152.2 amps and the minimum current measured was 16.26 amps. This represents a part-load value of 10.7%. As mentioned before, this value does not represent an absolute minimum for the equipment but rather the minimum value that was achieved based on the input signal.
Figure 8. Electrolyzer variable operation
Another important factor to consider when exploring new operating strategies is the impacts on stack lifetime. Cycling the equipment more is likely to accelerate stack degradation. Degradation tests are being performed at NREL to assess the impacts of variable power operation on electrolyzer stacks under the Renewable Electrolysis, Integrated Systems Development and Testing Project; however, for this work no tests were performed to assess the effects from cycling electrolyzer stacks.
Startup and Shutdown
In addition to the response time and ramp rate, the speed a unit can start up and shut down is important for establishing how a unit can participate in demand response. A test was performed on the PEM electrolyzer to determine how quickly the unit can start up and shut down. Similar to the turndown test, the startup and shutdown test was only performed for a PEM unit. Testing other units is a goal for future work. To test the system startup, the unit was turned on after being completely off (i.e., not idling) to represent a cold start. From the off position to full power and hydrogen generation it took 6 minutes and 27 seconds. Power is consumed throughout the startup process. To shut down, the unit took 1 minute and 3 seconds to go from the full power generating mode (40 kW) to the off position.
Comparison to Application Requirements
In the previous sections, the requirements for a variety of potential applications for electrolyzers have been explored and tests were performed to determine the ability for electrolyzers to support those applications. Each of the application areas will be explored. The purpose of this study was to determine in which applications electrolyzers can participate. The electrolyzers tested for this study are relatively small, 40 kW-sized units (i.e., not large MW to 10s of MWs utility-scale units). Additional interactions may arise from larger units; however, as will be shown, electrolyzer systems can, in principle, participate in electricity markets while also providing hydrogen as a product because of their rapid response and ability to provide services for long durations.
End-User Energy Management
In order to support the requirements for end-user energy management, electrolyzers must be able to change their load point rapidly and significantly to make a change in the 15-minute average electricity consumption. It was shown that electrolyzer systems can change their load point rapidly, on the order of milliseconds, and can shut down in just over a minute. Additionally, the load-point changes are significant. A 75% load shed or 75% load increase was presented, but does not represent the maximum load change possible since the minimum turndown is even greater.
As a result, it is possible for electrolyzers to provide significant dispatchability to change an end user's demand profile and potentially reduce the demand charge. With TOU or RTP rate structures, dispatchability represents an opportunity to reduce the electricity charges by purchasing electricity at a time of low cost and reducing the production during times when electricity costs are high. Again, it should be noted that the end user must establish a need or sink for the produced hydrogen. It is important to also consider the electrolyzer and storage unit sizing to ensure that sufficient hydrogen is produced to meet the hydrogen demand; however, in principle it is possible for electrolyzers to participate in end-user energy management.
Transmission and Distribution Support
There is growing precedent for demand response providing grid services as noted in yearly FERC Assessment of Demand Response & Advanced Metering Staff Reports dating back as far as 2006. With FERC Orders 1000 and 890, which remove barriers and undue discrimination against demand response devices and energy efficiency measures wishing to participate in transmission planning, it is clear that there is a strong interest in using demand response to support the T&D system. T&D deferral requires a response on the order of minutes to hours for a duration of hours [11] . This is similar to the requirements for end-user energy management. As noted from the tests performed, it is possible for electrolyzers to respond within minutes for a set-point change or a full shutdown. As with the end-user energy management, the duration is not a concern, assuming that there is sufficient hydrogen stored to satisfy the hydrogen customers. This rapid response allows for T&D planners to utilize electrolyzers located on congested lines to reduce transmission line congestion by lowering the electric demand from the electrolyzers. Responsive devices on a line can possibly delay or even remove the need for additional transmission lines if the devices have sufficient capacity to alleviate congestion.
Wholesale Market Services
Providing market services represents an opportunity for the electrolyzer equipment to supplement the value from producing hydrogen and support the grid. Results from the electrolyzer testing will be compared to the requirements for the regulation markets, loadfollowing and fast energy markets, and operating reserve markets.
Regulation
Regulation markets require a response time on the order of minutes, which must be maintained for 30 minutes. The electrolyzer systems tested can respond much faster than a minute with response times on the order of hundredths of a second and can significantly change their load point in less than 1 second. This means that electrolyzers can respond quickly enough to participate in regulation markets. As for the energy capacity requirement of providing 30 minutes, providing any duration of load reduction is simple for a demand response device because the device needs only to reduce its demand. Also, with a very low part-load point (in the case of the PEM unit), electrolyzers can bid a significant portion of their demand toward regulation up. Similarly, with a low part-load and fast ramping capability, an electrolyzer could operate below its rated power point and also provide regulation down with the remaining capacity. In this way the electrolyzer system can modulate the amount of hydrogen that is being produced to support participation in arbitrage as well as ancillary service markets, all while producing hydrogen. Satisfying the hydrogen demand and also receiving additional revenue from electricity markets represents a different operating strategy than the traditional baseload operation. Plant operators will need to operate their equipment to satisfy hydrogen production requirements while also coordinating with the grid.
Many companies, particularly storage companies, recognize the value of providing regulation and are targeting the regulation market. When combined with a limited need for regulation services, this creates an environment where devices providing regulation must compete to provide the higher value services. Consequently, it is not sufficient that a device be able to provide regulation services but it must be able to provide those services at a low cost. Determining the wear and tear and resulting cost for an electrolyzer to provide regulation is outside the scope of this work but is an important consideration when deciding whether to pursue a device that can provide regulation or any other ancillary services.
In addition to comparing the response to the minimum requirements a test was performed to assess the ability of electrolyzers to provide frequency disturbance correction (or frequency response). A microgrid was established consisting of a 120 kW diesel generator, a load simulator (i.e., resistive load bank), and the 40 kW PEM or alkaline electrolyzer [29] . The diesel generator provides the required electricity to power the electrolyzers. The resistive load was used to disturb the weak microgrid created by the diesel generators. Adding resistive load, for example, slows the generator down causing a drop in frequency.
At 0.3 seconds on the graphs below, the load bank is commanded to either increase load to create an under-frequency disturbance (Figure 9 ) or reduce load to create an over-frequency disturbance ( Figure 10) . Several load changes were tested including 10, 20, and 25 kW increases and decreases. The "natural" or un-mitigated response of the microgrid is shown on both figures. This was the control test where load was added to the microgrid but the electrolyzers were not online and ready to respond with load shifts of their own to mitigate the frequency disturbance.
In Figure 9 , for example, the graph "Load Sim 0 to 10 kW, Alkaline at 40 kW" represents the test where the load bank changed its load from 0 to 10 kW, while the diesel generator was powering the alkaline electrolyzer at 40 kW.
Also, frequency triggers of 0.2 Hz and 0.5 Hz were tested. For the figures presented, once the frequency was perturbed greater than 0.2 Hz in either direction, the set-point for the electrolyzer (either alkaline or PEM) was adjusted to accommodate the load perturbation. Similar to the ramp-rate tests, data was collected for 2 seconds with a frequency of 2.0E-4 seconds to capture the system transients. Given enough time, the diesel generator will compensate for the load disturbance; however, this can result in a large increase or decrease in the frequency. The time that it takes for the frequency to be restored to between ±0.2 Hz is increased by adjusting the set-point of the electrolyzer. While the control strategies for the diesel generator and the electrolyzers can impact the speed at which the frequency is restored, it is clear that allowing the electrolyzers to help compensate for load perturbations can provide frequency regulation support for the grid. This result is echoed by a test performed by Hydrogenics in which an electrolyzer was used to respond to the grid frequency regulation signal [14] .
Load-Following and Fast Energy Markets
Load-following and fast energy markets have more relaxed requirements for the response time but there are greater requirements for the duration. A unit participating in the load-following or fast energy market must respond within 10 minutes and maintain the response for between 10 minutes and several hours. Testing shows that PEM and alkaline electrolyzers can respond much quicker than the required 10 minutes, and as discussed in the previous section on regulation markets, electrolyzers can provide a significant portion of their capacity for as long as needed to provide load following up or demand reduction to participate in the fast energy markets. As the required duration increases, electrolyzer facilities must ensure that their hydrogen customers are supplied sufficiently; therefore, providing energy for longer durations may require additional hydrogen storage capacity or oversizing the electrolyzer unit.
Similar to regulation up and load-following up, an electrolyzer can respond fast enough to provide load-following down and other down products; however, this implies that the unit is not already at full capacity. Being able to provide both up and down products allows for the electrolyzer device to modulate the hydrogen production to ensure that the hydrogen customers have sufficient hydrogen and that the storage is maintained appropriately. In this way electrolyzers can engage in arbitrage, while also participating in other electricity markets and providing hydrogen as a product.
Operating Reserves
The last wholesale market service explored is operating reserves. While operating reserves consist of a variety of different reserve products, the response time must be less than 10 minutes for spinning and non-spinning with durations up to 2 hours; for replacement or supplemental reserves, the response time must be less than 30-60 minutes for a duration of 2 hours. The ramp down speed for electrolyzers is sufficiently fast to provide operating reserves by turning down part of the electrolyzer capacity (on the order of seconds) or the total unit capacity by turning off the electrolyzer (63 seconds for the PEM unit). Similar to the description for regulation and loadfollowing and fast energy markets, a demand response device can provide the demand reduction for extended periods of time because it represents turning the electrolyzer down or off, which can be done rapidly and reliably.
Summary
The results for participation in the electricity markets are summarized in Figure 11 . Market requirements are drawn from Kirby 2006 [10] and the electrolyzer flexibility characteristics for 40 kW electrolyzers from this work are overlaid on the market requirements. Electrolyzers can respond faster than the required response time for spinning reserve and regulation (i.e., lower than the blue bar) and for longer duration than required for load-following and replacement/supplemental reserve (i.e., higher than the red bar). This shows that, technically, electrolyzers have sufficient flexibility to participate in all of the aforementioned electricity markets.
Conclusions
This work seeks to establish the flexibility of electrolyzers and the requirements for electrolyzers to operate in a variety of different applications. Using a PEM and an alkaline electrolyzer, tests were performed to assess the ramping, variable operation, frequency disturbance correction, and startup and shutdown capabilities. Results from the testing show the following:
• Small electrolyzer systems (~40 kW) begin changing their electricity demand within milliseconds of a set-point change. The PEM unit responded (i.e., max current change of ±1%) within an average of 13.2 milliseconds after a set-point change and the alkaline unit responded within an average of 19.9 milliseconds.
• The settling time after a set-point change is on the order of seconds. Most of the tests, including the 75% demand change tests, had nearly settled after 0.2 seconds. Based on the response trajectory, every demand change value (25%, 50%, and 75%) for both electrolyzer types settled to the prescribed set-point in less than 1 second.
• Electrolyzers can reduce their electrical consumption for an unlimited amount of time. However, other safety and control systems (e.g., system pressure and gas crossover) may need further design considerations to accommodate the lower production levels.
• Larger set-point changes are associated with higher maximum ramp rates. Additionally, ramping up an electrolyzer exhibited higher maximum ramp rates than were exhibited while ramping down.
• Electrolyzers exhibit low part-load operation capabilities. During the variable operation test the unit was turned down 90% of capacity to 10% part-load. While there was no test to determine the maximum turndown, the variable operation test shows that electrolyzers have a wide operating range.
• Electrolyzers can start up and shut down rather quickly. For the small unit tested (~40 kW), it took 6 minutes and 27 seconds for the PEM unit to execute a cold start and 1 minute and 3 seconds to turn off.
The requirements were established for supporting end-user energy management, transmission and distribution system support, and wholesale electricity markets. The findings are summarized in Table 2 and compared to the requirements for providing each service. Based on comparing the performance of electrolyzers with application requirements, the following conclusions are made:
• Electrolyzers acting as demand response devices can respond sufficiently fast and for a long enough duration to participate in energy management on the utility scale and at end user facilities. Furthermore, electrolyzers can be operated to support a variety of applications while also providing hydrogen for industrial processes, transportation fuel, or heating fuel. Hydrogen storage capacity and controls should be designed with specific applications in mind and can be different for different applications.
• Favorable operating properties and a variety of potential system architectures contribute to the flexibility of electrolyzer systems. Electrolyzers can operate as a stand-alone device, participating in one or more of the applications presented while also providing hydrogen product for sale, or for integration into a storage system using a fuel cell, reciprocating engine, combustion turbine, steam turbine, or other power generation device. Electrolytic hydrogen can also be methanized, resulting in a renewable methane product.
Future Work
This work informs stakeholders on the operational and transient flexibility of electrolyzers as a means of producing hydrogen and providing additional energy management. As future systems are expected to represent larger loads (>1 MW per system), the ability to modulate these loads will be important as more systems enter the market. Additional testing to assess the flexibility of large units should be done to ensure that the responsiveness of electrolyzers can be achieved for large-scale systems.
The next step is to assess the economic value proposition for electrolyzed hydrogen systems participating in these grid ancillary support markets. That would entail understanding whether participation in one or more applications will reduce operation costs for the end user, increase the integration of renewable generation, and increase revenue from T&D support and wholesale market services. It is important to establish the competitiveness of electrolyzers versus other alternatives. Currently, the majority of hydrogen is produced using steam methane reformation. This process takes a gaseous fuel (typically natural gas) and converts it to hydrogen, and it is less expensive than electrolysis, primarily because of the difference in feedstock costs for natural gas versus electricity and the ability to release CO 2 into the environment without any penalty [30] . However, additional revenue streams, from reducing end-user facility electricity costs or payments for T&D support or wholesale electricity market services, can improve the value proposition for electrolyzers.
This work did not consider the impacts of degradation on the stack or system; however, other NREL activities are exploring the impacts of variable electrolyzer operation on lifetime and stack performance. This remains an important question, particularly when establishing the business case for electrolyzer participation in various applications.
